Objective To determine the association left atrial diameter (LAD) and vascular brain injury on brain MRI.
Left atrial enlargement (LAE) is associated with paroxysmal atrial fibrillation (AF) in the general population, 1,2 as well as ischemic stroke. 3, 4 In addition, recent evidence suggests that LAE is specifically associated with ischemic stroke subtypes related to embolism: cardioembolic strokes or cryptogenic stroke subtypes. 5 Several gaps in knowledge persist, however, because less is known about the association between left atrial size and MRI-defined vascular brain injury in the elderly, specifically brain infarcts and white matter hyperintensities, namely leukoaraiosis. 6 While 1 study showed an association between left atrial volume (LAV) and subclinical vascular brain injury on brain MRI, 6 this study was limited by the inclusion of patients with both lacunar and nonlacunar infarcts and thus failed to provide evidence of a mechanistic relationship between LAV and stroke. Nonlacunar infarcts are more likely to have an embolic etiology than lacunar infarcts, which may simply share risk factors with cardiac disease. Understanding the association between LAE and brain injury, particularly nonlacunar infarcts, may therefore improve stroke prevention strategies and add to the evidence supporting the notion that atrial cardiopathy, or atrial structural or functional abnormalities that predispose to clot formation, can cause stroke even in the absence of AF. 7 We hypothesized that left atrial diameter (LAD) would be associated with vascular brain injury on brain MRI.
Methods

Design
The Cardiovascular Health Study (CHS) enrolled 5,888 community-dwelling men and women ≥65 years of age in 2 waves. Participants were randomly selected from Medicare eligibility lists in 4 counties from California, Pennsylvania, Maryland, and North Carolina. The first cohort was enrolled in 1989 to 1990, and the second, a predominantly black cohort, was enrolled in 1992 to 1993. Participants were followed up through 1998 to 1999 via annual clinic visits and semiannual telephone calls and were linked to Medicare claims data, continuing thereafter with 6-month phone calls and Medicare linkage. 8 Standard protocol approvals, registrations, and patient consents Institutional review boards at the field centers and coordinating center approved the study, and all study participants provided written informed consent.
Echocardiographic measurements
Two-dimensional transthoracic echocardiograms (TTEs) were performed as part of the study protocol in 1989 to 1990 in the first cohort and 1994 to 1995 in both cohorts. Measurements were made in accordance with guidelines from the American Society of Echocardiography. 9 The primary exposure variable, left atrial anteroposterior diameter, was obtained from the parasternal long-axis view at the level of the aortic valve. The secondary predictor, LAV, was obtained only in 1994 to 1995 and was calculated with a length ellipsoid method, which used 3 orthogonal planes obtained from 2-dimensional TTE images. 10 Another echocardiographic covariate was left ventricular hypertrophy (LVH). To define LVH, left ventricular mass was indexed to sex, height, and weight with a regression equation developed in a subset of healthy CHS participants, and a threshold was applied that was based at the 95th percentile of the healthy population.
Outcome
The initial MRI scan was performed between 1991 and 1994, and a follow-up scan was performed ≈5 years later between 1997 and 1999. [11] [12] [13] [14] Primary outcomes were prevalent infarcts (covert and overt) and leukoaraiosis on the first MRI after TTE: initial MRI for cohort 1 and follow-up MRI for cohort 2. Neuroradiologists blinded to clinical data and following standard protocols evaluated all brain MRI scans, as detailed elsewhere. 12 An infarct was defined as an area of abnormal signal ≥3 mm in diameter within 1 vascular distribution without associated mass effect. Lacunar infarct was defined as a subcortical infarct 3 to 20 mm in size.
14 Nonlacunar infarcts were defined as any infarct that did not meet the criteria for a lacunar infarct. Leukoaraiosis was graded semiquantitatively with a 10-point scale with the white matter grade (WMG) ranging from 0, the least, to 9, the most severe leukoaraiosis, as previously described. 12, 13 Secondary outcomes were nonlacunar infarcts on the initial MRI; incident infarcts (covert or overt) and nonlacunar infarcts on the follow-up MRI, excluding those with an infarct on the initial MRI; and the degree of leukoaraiosis on the follow-up MRI from a side-by-side reread, after adjustment for leukoaraiosis on the initial MRI.
11,12
Covariates To determine the associations between LAD and the MRI findings, we adjusted for demographics (self-reported age, sex, and race-ethnicity) and the following vascular risk factors at the time of the TTE: systolic blood pressure, antihypertensive drug Glossary AF = atrial fibrillation; ARCADIA = Atrial Cardiopathy and Antithrombotic Drugs in Prevention After Cryptogenic Stroke; CHS = Cardiovascular Health Study; CI = confidence interval; HDL = high-density lipoprotein; HF = heart failure; LAD = left atrial diameter; LAE = left atrial enlargement; LAV = left atrial volume; LDL = low-density lipoprotein; LVH = left ventricular hypertrophy; NT-proBNP = N-terminal pro-B-type natriuretic peptide; PTFV1 = P-wave terminal force in lead V 1 ; RR = relative risk; TTE = transthoracic echocardiogram; WMG = white matter grade. therapy, low-density lipoprotein (LDL), high-density lipoprotein (HDL), diabetes mellitus (defined as fasting glucose ≥126 mg/dL, nonfasting glucose ≥200 mg/dL, or insulin or oral hypoglycemic use), smoking, body surface area, AF (based on ECG, hospitalization records, and inpatient, outpatient, or carrier claims records from Medicare claims data), coronary heart disease (myocardial infarction, angina, or report of angioplasty or bypass surgery), heart failure (HF), oral anticoagulant use, LVH, and time between TTE and the MRI outcome. Coronary heart disease and HF were based on selfreport at baseline and adjudicated incident events before the TTE for the second cohort. LDL and HDL were carried forward from study baseline (1992) (1993) for the second cohort.
Study population
Details about how analytical samples were formed are provided in the figure. For the prevalent vascular brain injury analysis, CHS participants who underwent TTE and initial brain MRI (first cohort) or follow-up brain MRI (second cohort) (n = 3,493) were eligible. We excluded participants who lacked a measurement of LAD on the 2-dimensional TTE (from 1989 to 1990 for the first cohort and 1994 to 1995 for the second cohort) (n = 98) and other potential confounders (n = 1,060). The main reason for exclusion due to missing confounders was missing data on LVH on TTE. The final sample included 2,327 participants eligible for the prevalent infarct analysis and 2,315 eligible for the leukoaraiosis analysis.
For the incident vascular brain injury analysis, CHS participants from the first cohort who underwent TTE and an initial and follow-up brain MRI (n = 1849) were eligible. Because the second cohort only had 1 MRI scan after their TTE, they were not included in the incident infarct analyses. We excluded participants who lacked a measurement of LAD on the TTE (n = 47) and potential confounders (n = 531). An additional exclusion criterion for the incident infarct analysis was a prevalent infarct on the initial MRI (n = 330) to ensure that any infarcts on the follow-up MRI were actually incident infarcts. An additional exclusion criterion for the worsening leukoaraiosis analysis was the extreme WMG of 9 on the initial MRI (n = 1). The final sample included 939 participants eligible for the incident infarct analysis and 1,158 eligible for the worsening leukoaraiosis analysis.
Statistical analysis
We used relative risk (RR) regression models 15 to determine the association of LAD as a continuous variable with each of prevalent and incident infarcts, as well as nonlacunar infarcts specifically. We used linear regression to determine the association of LAD with WMG on the initial MRI scan and on the follow-up MRI scan, adjusting for the grade on the initial MRI. Estimates were obtained with the following models selected a priori: model 1 adjusted for age, sex, race-ethnicity, body surface area, and time between TTE and brain MRI and model 2 adjusted as in model 1 plus systolic blood pressure, LDL, HDL, diabetes mellitus, coronary heart disease, smoking status, AF, HF, oral anticoagulants, LVH, and antihypertensive medications. We also performed further analyses adjusting for markers of atrial cardiopathy, including P-wave terminal force in lead V 1 (PTFV1) measured on ECG, 16 and log-transformed serum N-terminal pro-B-type natriuretic peptide (NT-proBNP). In addition, we performed analyses to study the association between the MRI findings and LAE categories based on LAD: normal (for women ≤38 mm, for men ≤40 mm), mild enlargement (for women 39-42 mm, for men 41-46 mm), and moderate/severe enlargement (for women ≥43 mm, for men ≥47 mm). 17 An exploratory analysis examined the association of LAV measured in 1994 to 1995 with MRI outcomes from 1997 to 1999 similar to the prevalent analyses. Sensitivity analyses examined the effect of excluding participants with an overt clinically defined stroke and of removing LVH from the models because it was so often missing. Furthermore, sensitivity analyses were performed with incident AF and carotid stenosis (<50%, ≥50%) added to model 2. Statistical analyses were performed with Stata 12.1 (StataCorp, College Station, TX), and a 2-tailed value of p < 0.05 was considered statistically significant.
Data availability
CHS routinely deposits data into the NIH public data repository (BioLINCC, https://chs-nhlbi.org/CHS_PublicData). Researchers who obtain CHS data must sign an agreement agreeing to this deposit.
Results
Characteristics of study sample
The mean age of participants with LAD, initial MRI, and covariate data available (n = 2,335) was 72.0 ± 4.8 years, and 38.7% were men. The baseline characteristics of all participants, eligible participants, and those with and without prevalent infarcts, incident infarcts, and worsening WMG in our study cohort are shown in table 1. Twenty-nine percent had prevalent infarcts (87.0% covert), and 19.2% of those eligible for the incidence analyses had incident infarcts (88.9% covert). The baseline characteristics of eligible patients in each analysis are similar and are shown in table e-1 (links.lww.com/WNL/A680).
The main results are detailed in tables 2 and 3. Briefly, in minimally and fully adjusted models (table 2), LAD was significantly associated with prevalent infarcts and prevalent nonlacunar infarcts but not with leukoaraiosis. In analyses further adjusted for PTFV1 and log-transformed NTproBNP, the effect size of LAD on infarct prevalence and Abbreviations: AF = atrial fibrillation; BSA = body surface area; CHD = coronary heart disease; CHF = congestive heart failure; HDL = high-density lipoprotein level; LDL = low-density lipoprotein level; LVH = left ventricular hypertrophy; NT-proBNP = N-terminal pro-B-type natriuretic peptide; PTFV1 = P-wave terminal force in lead V leukoaraiosis remained similar (table 2) . In minimally and fully adjusted models (table 3) , LAD was not significantly associated with incident infarcts, incident nonlacunar infarcts, or leukoaraiosis on the follow-up MRI. In analyses further adjusted for PTFV1 and log-transformed NT-proBNP, the effect size of LAD on incident infarct and leukoaraiosis on the follow-up MRI remained largely unchanged ( Abbreviations: CI = confidence interval; LAD = left atrial diameter; RR = relative risk; WMG = white matter grade. Model 1: adjusted for age at echocardiogram, sex, black race, body surface area, and time between echocardiogram and MRI (n = 3,393). Model 2: adjusted for variables in model 1 plus systolic blood pressure, low-density lipoprotein, high-density lipoprotein, diabetes mellitus, coronary heart disease, smoking status, atrial fibrillation, heart failure, oral anticoagulant use, left ventricular hypertrophy by echocardiogram, and antihypertensive medication use (n = 2,335). Model 3: adjusted for variables in model 2 and P-wave terminal force in V 1 (n = 2,236). Model 4: adjusted for variables in model 2 and log N-terminal pro-B-type natriuretic peptide (n = 1,812). a RR is per 1-cm difference in LAD. Furthermore, because of the relatively large number of patients (n = 966 for prevalent analyses and n = 484 for incident analyses) missing the LVH variable, we performed sensitivity analyses excluding LVH from model 2. Again, results were similar to the main analyses. LAD remained significantly associated with prevalent infarcts (RR per 1-cm difference 1.12, 95% CI 1.03-1.21, p = 0.008) and prevalent nonlacunar infarcts (RR per 1-cm difference 1.24, 95% CI 1.07-1.43, p = 0.005) but not with leukoaraiosis (β = −0.03, 95% CI −0.11 to 0.05, p = 0.42). Associations were not significant between LAD and incident infarcts, incident nonlacunar infarcts, and leukoaraiosis on follow-up MRI.
There were 62 individuals who were in our analysis and had history of AF before their first TTE. Moreover, there were 91 cases of incident AF before the MRI for the prevalent analysis and 129 for the incident analysis. Sensitivity analyses were performed including incident AF before the MRI of interest and then internal carotid stenosis dichotomized (<50% stenosis and ≥50% stenosis) in model 2. In these analyses, there was an association between LAD and brain infarcts and nonlacunar infarcts but not WMG. Furthermore, there was no association between LAD and incident infarcts, incident nonlacunar infarcts, or WMG on follow-up brain MRI. These results are consistent with our main findings.
Discussion
In this population-based, elderly cohort, we showed an association between LAD and both MRI-defined prevalent brain infarcts and nonlacunar infarcts. The results persisted even after adjustment for potential confounders such as AF and other recently described cardiac biomarkers of atrial cardiopathy, including serum NT-proBNP and PTFV1. 18 We could not confirm an association between LAD and incident brain infarcts, likely related to a smaller sample size or the exclusion of participants with prevalent infarcts, who may be at higher risk of additional infarcts compared to those without prevalent infarcts. Our study showed an inverse relationship between LAD and leukoaraiosis, suggesting that they are not mechanistically related.
The association between LAD and both prevalent brain infarcts and nonlacunar infarcts could be due to several causes. First, this association may be at least partially mediated by undiagnosed AF, especially because LAD and AF are associated. Although we adjusted for history of AF, our ascertainment of AF is imperfect. AF may occur intermittently, and long-term monitoring to search for incident AF was not performed in this cohort. Another potential explanation is that both left atrial size and vascular brain injury share vascular risk factors, which are themselves the cause of brain infarcts. Within our study, however, the association between LAD and brain infarcts was independent of most known vascular risk factors, arguing against this being the explanation for our findings.
Nonetheless, we cannot exclude residual confounding as an explanation. Another explanation is that an increase in LAD causes reduced flow velocity in the left atrium, 19 therefore contributing to stasis and predisposing to clot formation. This possibility is supported by transesophageal echocardiographic data suggesting an association between embolic events and both left atrial dilatation and spontaneous echocardiographic contrast. 3 LAE is a likely a biomarker of atrial cardiopathy, and besides LAE, other biomarkers of atrial cardiopathy such as NTproBNP and PTFV1 have been shown to be associated with ischemic stroke, particularly of embolic subtypes. 18 In addition, PTFV1 has been associated with brain infarcts. 16 These biomarkers may help identify a population who benefits from anticoagulation therapy for stroke prevention; nevertheless, the utility of individual biomarkers and cutoff levels associated with heightened risk of embolic events remains undetermined. A post hoc analysis of the WarfarinAspirin Recurrent Stroke Study showed that warfarin was superior to aspirin in reducing the risk of stroke and death among patients with NT-proBNP >750 pg/m. 20 This observation may lead to clinical trials aiming to improve primary and secondary stroke prevention strategies in patients with biomarkers of atrial cardiopathy such as LAE. The Atrial Cardiopathy and Antithrombotic Drugs in Prevention After Cryptogenic Stroke (ARCADIA) trial is an ongoing clinical trial designed to enroll 1,100 patients with cryptogenic stroke and evidence of atrial cardiopathy-as suggested by at least 1 of 3 biomarkers (LAE, NT-proBNP, and PTFV1)-to test the efficacy of apixaban vs aspirin for secondary stroke prevention (ClinicalTrials.gov identifier NCT03192215).
Finally, our study has several limitations, including low power to detect an association between LAD and the incident vascular brain injury and variable time intervals between TTE and MRI. Our study cohort tended to be younger and healthier than the overall CHS cohort and thus is less generalizable. In addition, because routine ECG monitoring was not performed in our cohort, there is incomplete ascertainment of AF; therefore, it remains unclear whether LAE predicts ischemic stroke independently of AF or whether LAE is a marker of subsequent AF, which is a more direct contributor to future ischemic stroke. We used LAD in our main analysis even though LAV is the preferred tool to assess LAE. However, analyses with LAV are underpowered, and LAD has shown association with outcomes and expected clinical phenotypes in the CHS cohort. Moreover, the fact that nearly 90% of the infarcts (incident and prevalent) in this cohort were clinically covert is another limitation of this study because the cost-effectiveness and risk-to-benefit ratio of stroke prevention strategies in preventing covert brain infarcts remain undetermined. Finally, there have been improvements in imaging modalities from the time these studies were performed in our cohort; however, most of the findings on MRI have been confirmed in prior studies.
Our study also had important strengths such as a large, diverse cohort with both MRI and TTE performed, the availability of other biomarkers of atrial cardiopathy, and standardized measures of infarcts and leukoaraiosis on MRI.
LAE is associated with prevalent brain infarcts, particularly with nonlacunar infarcts, but not with white matter disease. These findings support a mechanistic relationship between LAE and vascular brain injury. Further research in larger cohorts and using different modes of assessing left atrial size such as LAV may be needed to detect associations with incident infarcts and to determine whether the risk of stroke associated with LAE can be reduced with anticoagulants.
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